In this observational study, the role of tree phenology on the atmospheric turbulence parameterization over 10-m-tall and relatively sparse deciduous vegetation is quantified. Observations from the Canopy Horizontal Array Turbulence Study (CHATS) field experiment are analyzed to establish the dependence of the turbulent exchange of momentum, heat, and moisture, as well as kinetic energy on canopy phenological evolution through widely used parameterization models based on 1) dimensionless gradients or 2) turbulent kinetic energy (TKE) in the roughness sublayer. Observed vertical turbulent fluxes and gradients of mean wind, temperature, and humidity, as well as velocity variances, are used in combination with empirical dimensionless functions to calculate the turbulent exchange coefficient. The analysis shows that changes in canopy phenology influence the turbulent exchange of all quantities analyzed in this study. The turbulent exchange coefficients of those quantities are twice as large near the canopy top for a leafless canopy than for a full-leaf canopy under unstable and near-neutral conditions. This turbulent exchange coefficient difference is related to the differing penetration depths of the turbulent eddies organized at the canopy top, which increase for a canopy without leaves. The TKE and dissipation analysis under near-neutral atmospheric conditions additionally shows that TKE exchange increases for a leafless canopy because of reduced TKE dissipation efficiency relative to that when the canopy is in full-leaf stage. The study closes with discussion surrounding the implications of these findings for parameterizations used in large-scale models.
Introduction
Turbulence above tall vegetation depends strongly on tree phenology and, more specifically, on the presence of leaves and branches that influence the atmospheric flow in and above the canopy (Dupont and Patton 2012a,b) . Since turbulence performs the majority of the vertical exchange of momentum, mass, energy, and trace gases (Gao et al. 1989) , the dependence of turbulence parameterization on canopy seasonal changes should be included in weather and climate models (Fitzjarrald et al. 2001) . To capture the vertical exchange of momentum, energy, and trace gases, it is crucial to determine how the flux-gradient relationships and turbulent kinetic energy are influenced by the leaf state and atmospheric stability (Thom et al. 1975; Raupach 1979; Denmead and Bradley 1985; Högström et al. 1989) .
Regarding the flux-gradient relationships, it has been recognized that the standard Monin-Obukhov similarity theory formulations (MOST; Monin and Obukhov 1954) are only valid at heights well above a rough vegetated surface (Högström 1996) . The atmospheric layer in which the flux-gradient relationships are directly impacted by the canopy is called the roughness sublayer (RSL). It is in this layer that numerous studies over evergreen forests confirm that the heat exchange is more efficient than in the inertial surface layer above (Thom et al. 1975; Raupach 1979; Denmead and Bradley 1985; Högström et al. 1989) . However, those studies failed to converge on a single relationship to describe momentum exchange above tall canopies, suggesting that additional physical processes must affect the exchange. The pioneering study by Thom et al. (1975) , and later investigations by Raupach (1979) and Denmead and Bradley (1985) , indicated that dimensionless gradients for momentum over tall canopies are nearly identical to those over low vegetation. Contrary to this, independent studies over a savannah (Garratt 1980) , in a wind tunnel (Raupach et al. 1986 ), and over a pine forest (Högström et al. 1989) indicate that the turbulent momentum exchange is more efficient over rough surfaces, implying a reduction in momentum dimensionless gradients close to the canopy top (Högström et al. 1989) .
To explain the increased mixing efficiency in the canopy's vicinity, Raupach et al. (1996) put forward what has become known as the mixing-layer analogy, where they postulated that the canopy's vertically distributed momentum sink induces an inflection point in the vertical profile of mean streamwise velocity u-a feature that is unique when compared with traditional surface layer flow in which the streamwise velocity typically varies logarithmically with height. Finnigan et al. (2009) used large-eddy simulations to extend Raupach et al.'s (1996) mixing-layer analogy by showing that the inflection-point instability generates turbulent organized structures, combinations of head-up and headdown hairpin-shaped rolls, that are responsible for the enhanced mixing near canopy top. In combination, the theory of Raupach et al. (1996) and Finnigan et al. (2009) suggests that the extent of the vertical streamwise-velocity shear at canopy top, expressed as the vorticity thickness d v 5 u/(du/dz), controls the depth over which the organized motions impact the flow and, subsequently, the depth of the RSL. In developing their RSL parameterization, Harman and Finnigan (2007) were able to improve predicted flux-gradient relationships over a range of canopy types compared to traditional MOST.
Over the years, relatively few studies have focused on the modification of turbulence resulting from the seasonal variation of deciduous forests. Bohrer et al. (2009) and Maurer et al. (2013 Maurer et al. ( , 2015 , using observations and large-eddy simulations, showed that accounting for the seasonal and interannual variation of roughness length and displacement height, both functions of the canopy structure, yield more precise and less-biased estimates for friction velocity than do models with temporally invariable parameters. Both Bohrer et al. (2009) and Maurer et al. (2013 Maurer et al. ( , 2015 noted the need for further investigation of ''canopy structure-roughness dependence'' and its effect on the flux-gradient relationships. The Dupont and Patton (2012a,b) study used the Canopy Horizontal Array Turbulence Study (CHATS) dataset to stress the importance of canopy leaf state on the transport of momentum, heat, and moisture within and above a deciduous walnut orchard. Concentrating on turbulent coherent structures at the canopy-atmosphere interface, Dupont and Patton's (2012a,b) analysis suggested that ''the canopy's seasonal state plays a vital role in determining the turbulent transport processes coupling the canopy layers with the overlying atmosphere'' (Dupont and Patton 2012b) . Here, we extend their analysis by investigating the impact of seasonal variation of a deciduous canopy on turbulence quantified through the flux-gradient relationships and the TKE. More specifically, we systematically investigate phenology's effect on the turbulent exchange coefficient K within the RSL. Subsequently, we investigate whether commonly used K parameterizations can mimic the observed behavior of K. The K parameterizations usually hinge on dimensionless gradients of momentum, heat, and moisture (first-order closure), or on TKE e, and its dissipation « (1.5-order closure). First-order closure models are commonly used in large-scale atmospheric models (e.g., WRF, 1 ECMWF), while the 1.5-order closure models have become useful tools for modeling turbulent flow over tall canopies for a variety of special and temporal scales (e.g., Sogachev et al. 2002; Katul et al. 2004; Sogachev et al. 2012) .
Our investigation aims to answer three research questions: 1) What is the effect of canopy phenology on the exchange of momentum, heat, and moisture within the RSL over deciduous vegetation?
2) How well do K parameterizations based on different physically based turbulence closure assumptions represent the observed behavior of K and its dependence (if any) on the evolution of canopy phenology and atmospheric stability? 3) How sensitive are the dimensionless gradients and K values to displacement height variations resulting from canopy phenology and atmospheric stability?
Our methodology combines a comprehensive observational dataset and conceptual modeling. We analyze the observations obtained from a 30-m tower during the CHATS experiment (Patton et al. 2011) , which took place in spring 2007 in and above a 10-m-tall deciduous walnut orchard in Dixon, California, before and after leaf-out. Analyzing the dependence of the turbulence parameterization on canopy phenological changes above a canopy over a season is a key novelty of this study. Interpretation and discussion of the CHATS observations is supported by using (i) empirically MOST-based dimensionless flux-gradient functions from the literature (Dyer 1974; Högström 1988 ) and (ii) RSL-adapted dimensionless gradients for momentum (Harman and Finnigan 2007, hereafter HF07) and scalars (Harman and Finnigan 2008, hereafter HF08) .
Theory
Gradient transport theory (K theory) relates the vertical turbulent fluxes of vector and scalar quantities in the atmospheric surface layer to the corresponding mean gradients through the turbulent exchange coefficients K (Stull 1988) :
where w 0 c 0 refers to momentum w 0 u 0 , heat w 0 u 0 , or moisture w 0 q 0 fluxes; the mean c represents the mean wind speed u, potential temperature u, or specific humidity q profiles, and quantities with a prime represent deviations from that mean; and z is the height from the ground. The K defined in Eq. (1) is usually parameterized using dimensionless gradients F or from e and «. Below, we give a brief theoretical overview of both approaches.
a. Parameterization of K based on dimensionless gradients
In a coordinate system with z 5 0 at the ground surface, the turbulent exchange of momentum (c 5 m), heat (c 5 h) or moisture (c 5 q) is parameterized as
where u * is the friction velocity; d c is the displacement height, which represents the mean source/sink height of c [d c is treated more fully in section 2a(2)]; and k is the von Kármán constant of 0.4. Here, c * represents the vector and scalar scales defined by 2w 0 c 0 /u * . In MOST, the dimensionless gradients F c (for momentum F m , heat F h or moisture F q ) are only a function of atmospheric stability, represented by the stability parameter z, which is defined as
where T y is a mean (reference) virtual temperature at the canopy top, g is the acceleration due to gravity, w 0 u 0 y represents the vertical buoyancy flux, and L is the Obukhov length. Note that for some parts of the analysis we define z c at the canopy top (z c 5 h c /L), where h c is the average height of the trees observed in CHATS (h c 5 10 m), and L is evaluated at the canopy top.
We support our observational analysis on dimensionless gradients with empirically derived universal functions based on MOST (Dyer 1974; Högström 1988 To account for the enhanced vertical mixing in the vicinity of a tall canopy, HF07 and HF08 proposed a modification to standard MOST dimensionless gradients with the following multiplicative form:
In Eq. (6),f c represents the effects of the canopy within the RSL. HF07 and HF08, derived expressions to quantify these effects, which read
where
In Eq. (8), c 1c represents a scaled amplitude of the RSL function, while c 2c is a scaled depth over which the RSL function operates. An elaborate expression for c 2c is described by Eq. (7) in Harman (2012) , but for simplicity, we adopt HF07's 0.5 value. The displacement height in Eq. (7) is represented as follows:
where d t 5 b 2 L c , with L c representing the canopy adjustment length scale (penetration depth), defined as
where c d is a drag coefficient whose value is assumed to be 0.25 (HF07), and a is the canopy's leaf area density, which is assumed as constant with height (LAI/h c , where LAI refers to the leaf area index; HF07) to mimic application in a large-scale model. The Schmidt number S c is stability dependent (Harman 2012) :
, while the mixing length l is parameterized as l 5 2b 3 L c (see HF07; Weligepolage et al. 2012) . Finally, b is a stability-dependent variable that represents the ratio between the friction velocity and the mean wind speed at canopy top (b 5 u * /u). Based on our analysis, we find that under weakly unstable, near-neutral, and weakly stable atmospheric conditions b has a constant value of 0.3, consistent with HF07. Under strong unstable conditions this variable increases up to 0.45 on average, while under strong stable conditions it decreases to nearly 0.2. Similar patterns of b were observed in the data presented in Harman's (2012) study. Since the majority of our data (around 80%) belong to the stability classes where b is independent of stability conditions, we adopt the value of b 5 0:3 in this study. Finally, the canopy adjustment length scale [Eq. (10) ] is defined as a measure of the distance over which a boundary layer with no prior knowledge of a tall canopy would need to equilibrate (adjust) to the presence of a canopy (Belcher et al. 2003; Harman and Finnigan 2007) . We calculated L c [see Eq. (10)] from the CHATS dataset and compared the result to the parameterization (L c 5 4h c /LAI) of Harman and Finnigan (2007) . The L c parameterization showed satisfactory agreement with the observed L c under unstable and near-neutral conditions. It is to be noted that the parameterization is questionable under strongly unstable and strongly stable conditions (Harman 2012) , where the scatter in the observations is larger.
2) DISPLACEMENT HEIGHT
As mentioned, the displacement height in Eq. (3) can be interpreted as the mean source or sink height within the canopy. Based on the source distribution, d c can be defined through the following expression (Thom 1971; Jackson 1981) :
where the vertical source/sink distribution of the quantities within the canopy S c is calculated as S c 5 ›w 0 c 0 /›z. In our analysis we a priori adopt the assumption made in Raupach (1979) that the displacement height for heat and moisture equals the displacement height for momentum (d m 5 d h 5 d q ). The reason for this assumption is further discussed in section 5b. Consequently, throughout this study we use the displacement height for momentum d m as a unique variable, but we retain the dependence of d m on canopy phenology and atmospheric stability. The displacement height is used to calculate the turbulent length scale, k(z 2 d m ), and consequently the dimensionless gradients for momentum, heat, and moisture [Eq. (3) ].
For completeness, we additionally compare predictions using a displacement height estimate that neglects any influence of canopy phenology or diabatic stability and is a specified fraction of canopy height (Thom 1971) :
More information about the definition of the displacement height and its dependence on the canopy height, plant cover, and wind velocity can be found in Foken (2008) .
b. Parameterization of K based on TKE and its dissipation
Additionally, we analyze two commonly used turbulent closure model formulations for K (Sogachev et al. 2002; Katul et al. 2004; Sogachev et al. 2012) related to (i) e and the turbulent mixing length scale L,
or (ii) e and «,
For the turbulent mixing length above the canopy we adopt the formulation used by Katul et al. (2004) , which is similar to the one used in the dimensionless gradient analysis in this study in section 2a: L 5 k(z 2 d m ). We also adopt a value of 0.03 for the coefficient c m following Katul et al. (2004) , since it has been tested for a variety of canopy types.
Observations a. CHATS experiment: Site and instrumentation
The CHATS experiment took place in one of Cilker Orchards' walnut blocks in Dixon, California. The site and instrumentation are described in detail in Patton et al. (2011) and Dupont and Patton (2012a) and are summarized here. The observations were carried out in the spring of 2007. There were two intensive measurement periods defined by the canopy leaf state: one from 13 March to 15 April, concentrating on the influence of the walnut trees before leaf-out (no leaf), and another from 13 May to 12 June, focusing on the walnut trees after leaf-out (full leaf).
The measurements analyzed in this study were obtained along a 30-m tower, which was located near the northernmost border of the section to ensure a fetch of about 1.5 km when focusing on southerly winds (see Figs. 1a and 3 in Dupont and Patton 2012a) . Turbulent velocity components and air temperature fluctuations were measured at 13 levels within and above the canopy using Campbell Scientific, Inc., CSAT3 sonic anemometers sampling at 60 Hz. The horizontal distribution of the vegetation was nearly homogeneous, where the average height of the trees h c was estimated to be 10 m. Since our study focuses on turbulence above the canopy, we only analyze data from the seven above-canopy levels, which were located at 1:0h c , 1:1h c , 1:25h c , 1:4h c , 1:8h c , 2:3h c , and 2:9h c (see Fig. 7a in Dupont and Patton 2012a) . Six NCAR-Vaisala hygrothermometers (TRH) measured profiles of temperature and relative humidity at 2 Hz at the same levels (with the exception of the level at 1:25h c ). Three Campbell Scientific KH20 krypton hygrometers sampled water vapor density fluctuations at 60 Hz at 1:0h c , 1:4h c , and 2:3h c . Finally, the LAI profile was measured using a Li-Cor LAI-2000. Varying with the phenology, the cumulative LAI increased from 0.7 (before leafout) to 2.5 (after leaf-out).
b. Data processing
The data from the sonic anemometers and hygrometers have been processed as follows. The sonic data, as available from the CHATS dataset, have been rotated using the planar fit method (Wilczak et al. 2001 ) based on 5-min average velocities. This rotation was applied for each period in which the mounting of the instrument under consideration remained unchanged. The rotation angles were based on nighttime data only, because these contain less noise than daytime data. Since wind at the sonic anemometer can be distorted by the nearby observational tower, data were excluded if the wind originated from within 458 of the tower. Before processing the raw turbulence data, short gaps (i.e., less than 4 s) in the raw data of the sonic anemometers and hygrometers were filled by linear interpolation. Next, the data from the slow TRH sensors were used to correct the mean level of the sonic temperature and the water vapor density obtained from the Krypton hygrometers. The actual temperature and specific humidity were derived from the sonic temperature and water vapor density at levels where both a sonic and a Krypton hygrometer were available. Since the specific humidity is used in our analysis (rather than water vapor pressure), a density correction [WPL, after the authors Webb, Pearman, and Leuning; see Webb et al. (1980) ] is not applied since its effect would be negligible (Lee and Massman 2011) . Finally, incomplete vertical profiles of means, variances, and covariances were filled by vertical interpolation, where the maximum size of a vertical gap was one instrument for a Krypton and two instruments for a sonic or a TRH sensor.
We analyze the behavior of the dimensionless gradients and TKE under a range of atmospheric stabilities. Following Dupont and Patton (2012a) , we define the atmospheric stability classes based upon the stability parameter z m (Table 1) . We use an averaging time of 30 min for all statistics and for both unstable and stable conditions. Dupont and Patton (2012a,b) point out that for stable conditions it might be better to use shorter averaging times to reduce the effects of nonstationarity. Since our analysis primarily focuses on unstable and near-neutral conditions, we consider 30 min to be a satisfactory time average for the statistics. The recorded velocity components were rotated horizontally, such that u represents the horizontal component along the mean wind in the x direction, y is the component along the y direction, and w represents the vertical component along the z direction. To reduce the effects of statistical errors in the derived quantities, the data were excluded when u * , 0:2 m s 21 and ju * j , 0:05 K (Garratt 1980 ). In addition, to provide a more precise calculation of the
vertical derivatives, the vertical profiles of mean quantities (u, u, and q) were smoothed using a threepoint stencil in which the weight of the central point was twice the weight of the point below and above. The vertical gradients of wind, temperature, and specific humidity were calculated at three levels above the canopy (1:1h c , 1:4h c , and 2:3h c ), using finite differences based on the adjacent measurement levels. The canopy influence is anticipated to be largest at the level closest to canopy top (i.e., 1:1h c ), and the canopy influence is expected to have diminished significantly by the 2:3h c level. The middle level (1:4h c ) is included to assess whether trends are monotonic with height. A summary about the information for the stability classes, the total amount of half-hour data, the fraction of data used in the analysis, and the excluded data is presented in Table 1 .
Results and discussion
a. Phenology effects on the observed turbulent exchange coefficients
Using CHATS observations, we are able to quantify the role of the phenology on the turbulent exchange coefficients above the deciduous canopy. Figure 1 (FrC) and force convection (FoC)] and near-neutral (NN) conditions and are less dependent under stable conditions. The reason for the insignificant phenology influence on the exchange coefficients under stable stratification could be that under stable conditions the decoupling between the canopy and the atmosphere is independent from canopy density/sparsity (Thomas and Foken 2007) . Therefore, we focus our analysis on the stability range from FrC to NN. for a fully vegetated canopy, implying that vertical mixing is more efficient before leaf-out than after leafout above this deciduous canopy. These seasonal variations likely result from a number of reasons, such as 1) deeper penetration of any turbulent coherent structures generated by the canopy-top shear instability process (Finnigan et al. 2009 ) when the canopy is more open and 2) evolution of the vertical distribution of the available energy and its partitioning with the onset of leaf transpiration (Dupont and Patton 2012a,b) . As a consequence, the effect of the more-open canopy on K obs m suggests that the scale of the turbulence is larger than under full-leaf conditions. The heat and moisture transport both benefit from the larger scales in turbulence and from the fact that those larger scales are able to pick up heat and moisture that is farther away (down) from the level of the gradient. As a result, we see that the enhancement of K obs in the RSL is larger for heat and moisture than for momentum. In the following sections we systematically investigate how well different K TABLE 1. Summary of the data treatment in the flux-gradient analysis (the data for momentum, heat, and moisture are shown by different fences: parentheses, brackets, and braces, respectively) for both canopy leaf states (no leaf/full leaf) at 2.3h c , 1.4h c , and 1.1h c levels. Shown are the stability classes and their ranges, the total amount of half-hour data, the fraction of data used in each separate stability class n, and the amount of data excluded from the analysis.
Stability
No variations resulting from the evolution of canopy phenology and atmospheric stability.
b. Phenology effects on K parameterization 1) THE ROLE OF THE DISPLACEMENT HEIGHT When calculating K m and K h based on the dimensionless gradients F m and F h , the displacement height is an important length scale. To determine the sensitivity of F m to the displacement height, we calculate F m using the different displacement height calculations described in section 2a(2) ( Table 1) . We begin our analysis by showing F m under unstable and near-neutral conditions for both canopy leaf states (Fig. 2) , where F m is calculated using Eq. (3) at specific heights above the canopy (1:1h c , 1:4h c , and 2:3h c ).
Remarkably, for each stability class the F m calculated using the observed d m (Figs. 2a,c,e) is similar for both canopy configurations. Similar to this finding, Maurer et al. (2015) found insignificant sensitivity of the friction velocity to phenological changes when the phenology-dependent displacement height and roughness length were applied. However, using d fix , which does not account for the phenology changes, results in a smaller F m for leafless canopy compared to F m for the canopy with leaves (Figs. 2d,f) . At heights closer to the canopy top, F m is very sensitive to the displacement height (Figs. 2e,f) , while only small F m differences are found at the height where the RSL blends with the mean sea level (MSL; see Figs. 2a, b) .
This analysis indicates that efforts utilizing dimensionless gradients to predict flux-gradient relationships above deciduous canopies should account for the seasonal evolution of the displacement height. As shown in Table 1 and Fig. 2, d m is up to 25% larger for a canopy in full-leaf conditions relative to that without leaves (Table  1) . Such variations have a large impact on the calculated dimensionless gradients at heights closer to canopy top. For this reason, we recommend a displacement height formulation based on both h c and LAI (e.g., Raupach 1994; HF07), rather than a formulation that uses a constant fraction of h c (e.g., Simpson et al. 1998) .
Furthermore, the weak dependence of the displacement height on stability (Table 1) does not result in significant changes in the dimensionless gradients at levels well above the canopy (1:4h c and 2:3h c ). However, the 0.04-m difference in d m between FoC and NN for a full-leaf canopy (Table 2) produces approximately a 13% difference in F m at 1:1h c -a variation substantial enough to corroborate HF07 and HF08's suggestion that the displacement height should vary with diabatic (Table 1) observed during the CHATS experiment before leaf-out (15 March-13 April) and after leaf-out (13 May-12 June). Note the different labels along the y axis in (f) and (e). stability, which is introduced through b in d t (see HF07 and HF08).
2) THE ROLE OF FOLIAGE ON K
PARAMETERIZATION USING DIMENSIONLESS GRADIENTS (i) Traditional MOST
To study the dimensionless gradients' departures from their MOST values, we first analyze the validity of the constant-flux hypothesis. For that reason, we analyze the divergence of the vertical momentum, heat, and moisture fluxes at the three heights above the canopy for each stability class and for a canopy without and with leaves. Detailed results are shown in appendix A (see Table A1 ). The general conclusion is that under atmospheric conditions, where the corresponding flux is dominant (e.g., heat dominates under unstable conditions and momentum in near-neutral conditions), the vertical flux divergence is reasonably small (around 10%, as assumed in the MSL). For instance, we find that over the fully leafed canopy the average variation of u 0 w 0 with height is smaller than 3% compared to its value at 2:3h c under near-neutral conditions. For the same stability the variation of u 0 w 0 with height for the leafless canopy increases to about 15% with respect to the value at 2:3h c . Furthermore, the average variation of w 0 u Table 2 for the displacement height values. with height is between 10% and 20% for both canopy leaf states, compared to their values at 2:3h c under unstable conditions. Here, we note that the sonic anemometers average over a finite volume (which means that we lose the small-scale fluctuations) and that we average over 30 min (eliminating any larger-scale fluctuations), resulting in an observed flux that underestimates the true flux (Foken 2008) . These smalland large-scale flux losses in the observations are both height dependent, where (i) the finescale loss increases with increasing proximity to the surface and (ii) the large-scale loss increases with increasing distance from the surface. However, any attempt to correct for the loss of small-scale covariance always relies on an assumed shape of the cospectrum. Inside and just above the canopy there is little we can assume. The same holds for the correction of large-scale effects. Nevertheless, for the heights we have used above the canopy, a 30-min average should suffice (see, e.g., Moncrieff et al. 2005) . Another possible reason for the failure of the constant-flux hypothesis is the countergradient phenomenon (Denmead and Bradley 1985, 1987) , which is believed to be a consequence of the nonlocal turbulence within and just above the canopy. We do not explicitly treat this hypothesis in our analysis, but we would like to note its possible influence on the flux divergence.
Since we observe relatively stronger vertical flux divergence for different atmospheric stabilities within the RSL (compared to that which MOST presumes), it is more appropriate to link local gradients to local fluxes. Using this approach, we quantify the deviation of the observed and modeled F m , F h , and F q values from that which standard MOST would predict in the RSL (Fig. 3) . Figure 3 shows that the deviation of F m , F h , and F q from the standard functions [Eq. (5)] generally increases with closer proximity to the canopy top. Compared to MOST, the RSL-induced reductions of the dimensionless gradients are within the range of canopyinduced dimensionless-gradient reductions reported in the previous observational studies ( Thom et al. 1975; Raupach 1979; Garratt 1980; Denmead and Bradley 1985; Högström et al. 1989; Simpson et al. 1998 ). At the lowest measured level (1:1h c ), we find a decrease in F m of around 25% (Fig. 3g) and of around 55% in F h (Fig. 3h) . The decreases in the magnitude of F m and F h do not significantly differ across variations in canopy leaf state or stability [which results from our having used a leaf-state-dependent displacement height; see section 4b (1) MOST is recorded for F q (around 80%) for the fully vegetated canopy (Fig. 3i) . The strong reduction of F q for the fully vegetated canopy likely results from our assumption that the displacement height for momentum and moisture are equal. We will elaborate more on this issue in the next paragraph. Similar F m and F h reductions are shown in Garratt (1980) at the lowest measured level above the savannah under unstable conditions. Maximum reductions for F m and F h of up to 60% and 70%, respectively, are discussed by Högström et al. (1989) at their lowest measured level (1:15h c ) above a pine forest under unstable conditions. Standard MOST functions [Eq. (5)] predict the observed dimensionless gradients at 2:3h c reasonably well (Figs. 3a,b,c) , albeit with 1) slightly higher values than the observed gradients of F h in near-neutral conditions (Fig. 3b) , resulting from the discontinuous character of F h at the near-neutral limit (because of the very small heat flux and temperature gradient), and 2) significantly lower observed gradients of F q for a leafless canopy (Fig. 3c) , because of the low amount of evapotranspiration under leafless conditions. Taking into account the standard errors of the dimensionless gradient means, dimensionless gradients predicted by MOST at the 2:3h c level agree well with the observations, suggesting that direct canopy influences have sufficiently diminished by this height to suggest that this level is above the RSL.
(ii) RSL-corrected MOST
To complete the analysis, we evaluate HF07 and HF08's dimensionless gradient formulations that include a parameterization of the RSL's influence on MOST [Eqs. (6)- (10)] above CHATS' tall deciduous canopy. The expressions presented in Eqs. (6)- (10) capture the observed dimensionless gradients F m and F h very well, while they deviate for F q (Fig. 3) . Recall that the displacement height for momentum was used to calculate F q , which might lead to an underestimation of the dimensionless gradient of specific moisture at the lowest measured level. Under FoC and NN conditions for the fully leafed canopy, the displacement height evaluated as the mean height of the within-canopy moisture sources/sinks [Eq. (11)] is around 0:53h c , which differs significantly from the displacement height for momentum (0:75h c ). This discrepancy would therefore increase the calculated F q by about 15% at the 1:1h c level and improve the agreement between the observations and HF08's modified F q . However, Raupach (1979) suggested that there are no acceptable physical interpretations for very low heat and moisture displacement heights and recommended using the momentum displacement height as the relevant length scale for all quantities when representing dimensionless gradients and then to ''incorporate all property differences into the influence functions F m,h,q -which then depend not only upon the stability parameter but also upon dimensionless surface parameters.'' Based on the results presented here (especially for F m and F h ), we confirm that HF07 and HF08's formulation captures the primary canopy-induced effects on the turbulence and therefore we recommend its use in large-scale models when parameterizing flux-gradient relationships in the vicinity of tall vegetation.
There are few studies that have considered canopy phenology influences on flux-gradient relationships over a deciduous canopy and their variation with seasonality or diabatic stability (e.g., Simpson et al. 1998; Sakai 2000) . The work conducted by Simpson et al. (1998) is based on an observational analysis of fluxes and gradients of CO 2 over a heterogeneous deciduous forest in Canada with an average tree height of 20 m and an average LAI of 3.6. They found approximately a 10%-20% increase in the dimensionless CO 2 gradient under near-neutral conditions for pre-versus postsenescence at the measurement level closest to canopy top (1:3h c ). This implies that the fully vegetated canopy is less efficient in reducing the dimensionless CO 2 gradient than the canopy with fewer leaves, suggesting a more efficient CO 2 exchange for the canopy without leaves. Hence, the direction of the variation of the dimensionless gradient with phenology is consistent with that found in our dataset, but the magnitude differs [10%-20% in Simpson et al. (1998) vs~2% in our dataset], although it should be noted that the observation heights are not exactly comparable (1:3h c vs 1:1h c ). The magnitude difference in the leaf state on the dimensionless gradients most likely results from the fact that Simpson et al. (1998) neglected the seasonal variation in the displacement height when calculating the flux-gradient relationships. On the other hand, Sakai (2000) investigated the effects of canopy seasonal variation on turbulent exchange within and just above different canopy types (LAI from 1 to 5), taking the phenology-dependent displacement height and roughness length into account. Similar to our results, Sakai (2000, his Fig. 3.4) found decreased dimensionless gradients of wind and temperature close to the canopy top (1:3h c ), compared to the standard MOST. However, Sakai (2000) found that because of the phenological influence on z 0 and d (Fig. 3 .15 in their study), the resulting drag coefficients were insensitive to the variation of the canopy leaf state under convective conditions. The latter has previously been shown for the Harvard University deciduous forest in central Massachusetts ( Fig. 8 ; Moore et al. 1996) .
Our analysis in section 4b (1) showed that the dimensionless gradients are very sensitive to the displacement height formulation, especially when evaluating dimensionless gradients near canopy top. (Fig. 1) and K m , K h , and K q parameterized using the observed local friction velocity and HF07 and HF08's RSL modification of MOST [Eqs. (6)- (10)], which we have applied as it would be if it were implemented within a large-scale atmospheric model where canopy characteristics are only available via satellite [see section 2a (1)]. Figure 4 further indicates that phenology has a large influence on K m , K h , and K q . Moreover, the HF07 and HF08 RSL parameterization shows satisfactory agreement with the CHATSobserved K m , K h and K q results, which confirms their applicability for parameterizing canopy-atmosphere turbulent exchange over tall vegetation in weather and climate models for this range of atmospheric stability. However, we should note that the agreement of the RSL model with the observations becomes weaker under stronger instability (shear-free conditions). Under these conditions the effect of the larger-scale convective eddies on the turbulent transport in the RSL can be a relevant factor (Fitzjarrald et al. 1988; Zilitinkevich et al. 2006) . We note that the RSL model does not physically account for these large convective eddies. Furthermore, K q is similar to K h only at the levels of 2:3h c and 1:4h c . Therefore, at this height, the assumption for the equality of the universal dimensionless functions between heat and moisture [Eq. (5)] still holds. However, at the level 1:1h c the differences were larger, where K q is larger than K h for the full-leaf canopy. We note that these differences can be a consequence of different partitioning of the specific humidity. Namely, K q and K h are influenced not only by the plant transpiration, but also by soil evaporation (Dupont and Patton 2012b) . Since during the CHATS experiment there were days with irrigation (Patton et al. 2011) , it can potentially influence the specific moisture partitioning and its exchange close to canopy top.
Given that the vertical turbulent fluxes are reasonably constant with height, our findings confirm that the observed reductions in F m , F h , and F q in the RSL largely result from smaller mean wind speed and scalar gradients with increasing proximity to canopy top (see Dupont and Patton 2012a) relative to those predicted by MOST. This decrease in mean gradients near the canopy-atmosphere interface is related to the turbulent coherent structures formed in this layer (Raupach et al. 1996; Finnigan et al. 2009 ). Parameterization schemes generally characterize the coherent structures using a mixing length, which for surface-layer scaling is k(z 2 d c ) according to Prandtl's mixed-layer theory. To bring FIG. 4 . As in Fig. 1 , but now comparing against HF07 and HF08's RSL parameterization of the turbulent exchange coefficient for momentum, heat, and moisture [using Eqs. (2) and (6)] as a function of stability (Table 1) for a canopy with and without leaves. Here, u * is evaluated locally at each observation height and then averaged over each stability class.
canopy influences into their RSL parameterization, HF07 and FH08 incorporate an additional length scale associated with the coherent structures generated via the shear instability at canopy top: the vorticity thickness d v , which is defined as u/(du/dz) at canopy top and is therefore equal to l/b (HF07). Given the importance of d v in HF07 and HF08's RSL parameterization, we will elaborate on the impact of phenology and stability on the turbulent exchange coefficients discussed in section 4a. For that, we extend the analysis conducted by Dupont and Patton (2012a,b) by calculating the vorticity thickness as a function of the stability at CHATS. Figure 5 confirms that d v at the canopy top strongly depends on both the canopy phenology and diabatic stability. The larger d v for the leafless canopy indicates the presence of larger scales in the turbulence, which explains the larger exchange coefficients for the leafless canopy discussed in section 4a.
3) THE ROLE OF PHENOLOGY ON K PARAMETERIZATION BASED ON TKE AND
DISSIPATION
To determine parameterized turbulent diffusivities according to Eq. (12), both TKE and dissipation need to be determined from the CHATS observations. TKE is derived from the variances for the three wind speed components, where the latter have been extensively discussed by Dupont and Patton (2012a,b) . Dissipation is derived using the Fourier spectrum of the horizontal streamwise wind speed component S u (k), where the energy density is assumed to follow
Details of the method used here to calculate dissipation are presented in appendix B. Figure 6 shows that the K parameterizations based on Eqs. (13a) and (13b) (Fig. 6e) . Furthermore, both methods show the correct variation with height, but K i fails to approach the observed K obs m values under unstable conditions, a result that suggests that the constant c m 5 0:03 used in K i is not applicable in this dataset under unstable conditions [although, consistent with Katul et al.'s (2004) analysis, this c m value works well for near-neutral data].
The turbulence closures K i and K ii are similar under near-neutral conditions (Katul et al. 2004) . Katul et al. (2004) presented a detailed analysis of the similarities between both of these turbulence closures applied to neutrally stratified, homogeneous, steady-state flow, within and just above canopies with different morphology (i.e., rice, corn, pine trees, etc). Distinct in our K i analysis is the application of a phenology and diabaticstability-varying displacement height in defining the turbulent length scale. Using this evolving d m in K i (Fig. 6 ) yields a 15% increase in K i relative to when d fix is used (not shown), which implies that canopy phenology effects on K i parameterization were largely captured within d m , since the turbulent kinetic energy does not show significant phenology dependence (Fig. 7a) . We can Figure 6 indicates that the K ii method better reproduces the observed exchange coefficient than does the K i method. To further discuss the reasons for this difference in the parameterization methods, we extend our analysis to investigate the influence of canopy phenology changes on « and additionally on the turbulent transport of TKE.
Assuming stationary, near-neutral, and horizontal homogeneous conditions, the TKE budget in the RSL above the canopy reads ›e ›t 5 0 5 2w 0 u 0 ›u ›z |fflfflffl{zfflfflffl} (15) which is a balance between shear production P s , turbulent transport T t and pressure transport T p , and dissipation «. The CHATS dataset enables direct calculation of P s , T t , and «. As a result of the difficulty in measuring the pressure transport term, we represent this term as a residual TKE R. Figure 7c shows K ii (similar to Figs. 6b,d,f), but now focuses on near-neutral conditions as a function of height (Fig. 7c) . To support the analysis, we also show the total e (Fig. 7a) , and the TKE shear production P s and the dissipation « (Fig. 7b ). All quantities in Fig. 7 are presented in dimensional form to enable direct comparison between the dimensional exchange coefficient and its determining factors. We observe that K ii values (Fig. 7c) are larger under leafless conditions despite the fact that e has similar values under leaf and nonleaf conditions, which likely arises because the finescale boundary layers produced on the leaves increase the dissipation's dependence on the leaf state.
Relative to upper levels, shear production of TKE is largest near canopy top (Fig. 7b) . At all levels the shear production of TKE is larger for the fully leafed canopy than for a leafless canopy, because of the larger mean velocity gradient for full-leaf conditions (Dupont and Patton 2012a) . Under near-neutral conditions, the vertical variation of the TKE dissipation and its evolution with leaf state generally follows the TKE shear production (Fig. 7b) , while turbulent transport of TKE does not significantly change with leaf state (Fig. 8a) . Apparently, larger production and dissipation lead to only slightly more TKE (Fig. 7a) . Therefore, the evolution of K ii with leaf state must result from the leaf-induced increased dissipation.
To conclude, we find that canopy phenology influences the production and dissipation of TKE. There is no significant phenological influence on the abovecanopy turbulent transport of TKE or residual TKE (Figs. 8a and 8b, respectively) . The larger TKE shear production for a full-leaf canopy is related to the canopy-induced turbulence (Raupach et al. 1996; Finnigan et al. 2009; Patton and Finnigan 2013) . However, our observational analysis indicates that under leafless canopy conditions, enhanced coupling between the atmosphere and the ground surface results in more effective mixing (quantified by the larger K ii values; see Fig. 7c ). A plausible explanation for this result is related to the combined effects of large-scale surface-layer eddies and coherent eddies that form via the inflectionpoint instability induced at canopy top (Dupont and Patton 2012a,b) . While denser canopies induce more shear at canopy top, sparser canopies allow the canopytop shear-induced eddies to penetrate deeper into the canopy, which more efficiently mixes the layers within and above the canopies (as characterized by the increased vorticity thickness; see Fig. 5 ).
Conclusions
The effect of canopy phenology on turbulence within the roughness sublayer above a tall deciduous walnut orchard is studied as a function of atmospheric stratification. The validity of different turbulence closure formulations for the turbulent exchange coefficients is investigated and compared with the turbulent exchange coefficients calculated from observed vertical fluxes and mean gradients. To this end, we analyzed a complete dataset of observations gathered during a whole season as part of the Canopy Horizontal Array Turbulence Study experiment. From our findings, we reached the following conclusions:
d The turbulent structure above tall deciduous vegetation depends strongly on canopy phenology changes, as quantified by the turbulent exchange coefficients. Leafless canopy conditions increase the turbulent exchange coefficient of momentum, heat, and moisture under both unstable and near-neutral conditions as a result of better atmosphere-ground surface coupling.
d Except for the turbulent closure K i , under unstable conditions, the turbulent closure formulations for the turbulent exchange coefficients are able to reproduce the observations relatively well when using a canopy phenology and diabatic stability-dependent displacement height in the turbulent length scale. Parameterizations based on Eq. (13) show the correct height dependence above the canopy. They also satisfactorily reproduce the leaf-state dependence. Parameterizations based on Eq. (2) using a modified dimensionless gradient to account for the RSL effects satisfactorily represent the observations in terms of both their height dependence and their phenology dependence. (Table 1) .
leaf state and diabatic stability is crucial to accurately representing the flux-gradient relationships of state variables within the roughness sublayer under the seasonal evolution of the canopy foliage, which is a relevant finding for roughness sublayer turbulence parameterization.
d Harman and Finnigan's (2007, 2008) roughness sublayer parameterization of canopy-induced modification to flux-gradient relationships is evaluated and is found to be in satisfactory agreement with the CHATS observations. We therefore recommend applying their parameterization when attempting to represent turbulent fluxes via turbulent exchange coefficients.
d Under near-neutral conditions, TKE dissipation generally follows the TKE shear production for both canopy leaf states, while turbulent transport of TKE shows no significant dependence on the leaf state.
spectrum is within 30% of 25/3, the mean value of « for that window position is considered to be valid; and 5) the « value for the entire 30-min interval is determined as the mean of all valid values of « found in the above procedure. 
